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In the present study, we demonstrate pharmacological rescue (assessed by ligand binding and restoration of receptor coupling to effector) of five naturally occurring GnRH receptor (GnRHR) mutants (T 32 G ONADOTROPIN-RELEASING HORMONE plays a central role in neural regulation of reproductive function. This decapeptide is produced by specialized neurons found in the mediobasal hypothalamus, the axons of which project to the median eminence. From there, GnRH enters the portal circulation and binds to a specific receptor on pituitary gonadotropes stimulating the synthesis and release of the gonadotropins, LH and FSH. Sequence analysis of the GnRH receptor (GnRHR) is consistent with the seven transmembrane domain motif, characteristic of the G protein-coupled receptors (GPCR) superfamily (1) . The human GnRHR is coupled to the G q/11 system; after GnRH binding, the activated GnRHR-G q/11 protein complex activates the membrane-associated enzyme phospholipase C␤, leading to inositol 1,4,5-trisphosphate production and the release of intracellular calcium (2) .
Some forms of congenital hypogonadotropic hypogonadism (HH), result from mutational defects in the synthesis or action of GnRH itself. Although a mutation in the GnRH gene has been reported in the hypogonadotropic hpg/hpg mouse (3), no similar mutation has been reported in humans. KallmannЈs syndrome may be transmitted as autosomal-dominant, autosomal-recessive, or X-linked disorders. The latter form is caused by a migrational defect that involves the GnRH neuronal system (4). The gene for the X-linked form of KallmannЈs syndrome has been mapped to chromosome Xp22.3 (5, 6) , and several mutations have been described to date (7) (8) (9) (10) . Mutations of the AHC gene (also in Xp22.3), which result in congenital adrenal hypoplasia and HH, have also been described (11) . Mutations of the GnRHR are almost always autosomal recessive in inheritance; they account for about 40% of the existing inheritance of familial causes of HH and lack anosmia. Thus, the GnRHR gene is one of five mutational sites that can cause HH, three of which are associated with Kallman's syndrome and two of which are associated with HH without anosmia.
Although mutational defects in the human GnRHR (hGn-RHR) function constitute an apparently rare cause of HH (12-18), 13 different hGnRHR mutations causing either complete or partial HH have now been described. Of interest for the present study, these mutations are widely distributed along the entire receptor sequence (12) (13) (14) (15) (16) (17) (18) . Such mutations were isolated from patients with a wide spectrum of phenotypes, from partial to complete hypogonadism. When expressed in heterologous expression systems, such as COS cells, these show greatly reduced or absent ligand binding, receptor expression at the cell surface, and/or signal transduction (12) (13) (14) (15) (16) (17) (18) .
One mutant, E 90 K (Fig. 1) , was previously rescued (19) either by deleting K 191 (which, when present, decreases ex-pression of hGnRHR at the plasma membrane; Refs. 20 and 21) or by adding a carboxyl-terminal sequence. Either of these approaches alone supports high-membrane expression of GnRHR (20, 22) . Rescue by these genetic approaches was of academic interest but not therapeutically significant, because this approach is not presently practical. Nonetheless, this caused us to consider that the E 90 K mutation itself, while resulting in protein misfolding, does not irreversibly destroy the intrinsic ability of the mutant to bind ligand or to couple effector (19) . One explanation for this would be misrouting of the mutant receptor within the cell. On the basis of this hypothesis, we sought both to determine whether other means (with potential therapeutic value) for receptor rescue were available and to assess the range of defective receptors to which they were applicable. Other reagents were of the highest degree of purity available from commercial sources, unless otherwise noted.
Materials and Methods
IN3, (2S)-2-[5-[2-(2-azabicyclo[2.2.2]oct-2-yl)-1,1-dimethyl-2-oxo- ethyl]-2-(3,5-dimethylphenyl)-1H-indol-3-yl]-N-(2-pyridin-4-ylethyl) propan-1-amine, and IN4, (1-[2-(dimethylamino)ethyl]-2-(3,5-dimethyl- phenyl) -N,N-diethyl-3-{2-[(4-pyridin-4-ylbutyl)amino]ethyl}-1H-in-dole-5-
Vector construction
The wild-type (WT) hGnRHR cDNA in pcDNA3 was subcloned into pcDNA3.1 at KpnI and XbaI restriction enzymes sites. The E 903 K 90 (GAG to AAG) mutation was constructed by overlap extension PCR (26) . Other mutants were prepared by analogous processes. Rodent (r) sequences (rGnRHR) were expressed in vector pTracer-cytomegalovirus; exchange experiments indicated that both vectors expressed at equivalent levels in COS-7 cells. The identity of all constructs and the correctness of the PCR-derived sequences were verified by Dye Terminator Cycle Sequencing (Perkin-Elmer, Foster City, CA), according to the manufacturer's instructions. For transfection, large-scale plasmid DNAs were prepared using a QIAGEN Endofree Maxi-prep kit (QIAGEN). The purity and identity of the amplified plasmid DNAs were further verified by restriction enzyme analysis.
Transient transfection of COS-7 cells
WT hGnRHR and altered receptors were transiently expressed in COS-7 cells. Cells were maintained in growth medium (DMEM) containing 10% fetal calf serum (FCS; Life Technologies, Inc.) and 20 g/ml gentamicin (Gemini Bioproducts, Calabasas, CA) in a 5% CO 2 -humidified atmosphere at 37 C. One hundred thousand cells per well were seeded in 24-well plates (Costar, Cambridge, MA). Twenty-four hours after plating, the cells were transfected with 0.1 g DNA per well using 2 l lipofectamine in 0.25 ml OPTI-MEM containing 1% dimethylsulfoxide (DMSO; vehicle) or 1 g/ml IN3 prepared in vehicle. After 5 h (see Fig. 3 , period A), 0.25 ml DMEM containing 20% FCS with or without IN3 (as indicated) was added to each well. The cells were incubated for an additional 18 h (period B) at 37 C, then washed; fresh growth medium with or without IN3 was added to the cells for another 28 h (period C) at 37 C. The cells were then washed two times with DMEM/0.1% BSA/gentamicin and were preloaded with 3 H-inositol [for inositol phosphate (IP) assays] or DMEM (for internalization studies) for 18 h before stimulation with agonist. During this latter 18-h period, as well as the period of GnRH stimulation, IN3 was not present.
Measurement of IP production
Quantification of IP production was performed as described previously (27) . Briefly, 51 h after the start of transfection, transiently trans- fected cells were washed twice with DMEM (no IN3) containing 0.1% BSA, and intracellular inositol lipids were incubated in inositol-free DMEM supplemented with 4 Ci/ml [ 3 H]myo-inositol for 18 h at 37 C. After the preloading period, cells were washed twice with DMEM (inositol free) containing 5 mm LiCl (no IN3) and incubated for 2 h at 37 C in the absence or presence of the indicated doses of buserelin dissolved in 0.5 ml DMEM (inositol free)-LiCl. At the end of the incubation period, medium was removed, and 1 ml 0.1 m formic acid was added to each well. Cells were then frozen and thawed to disrupt the cell membranes. IP accumulation was measured by Dowex anion exchange chromatography and liquid scintillation spectroscopy, as previously described (27) .
Saturation binding for hGnRHR
COS-7 cells were transiently transfected with human WT or mutant cDNA as described above. The culture medium contained either IN3 (1 g/ml in DMSO) or DMSO alone and was present for 27 h. The cells were then washed twice with DMEM/BSA/gentamicin. DMEM was added for 18 h as a washout period for the IN3 drug. Cells were washed twice with warm DMEM/BSA before incubating with [
125 I]-buserelin (Ref. 28 ; specific activity, 700 Ci/g; 230,000 cpm/0.5 ml), and nonspecific binding was measured in the presence of 1 m GnRH. Cells were incubated at room temperature for 90 min. The medium was removed, plates containing the cells were placed on ice and washed twice with ice-cold PBS. Then, 0.2 m NaOH/0.1% SDS (29) was added to the wells to solubilize the cells. The sample was transferred to a glass tube and counted in a ␥ counter (Packard Instruments, Downers Grove, IL). Specific binding was calculated by subtracting nonspecific binding (binding measured in the presence of 1 m GnRH) from total binding (no GnRH).
Internalization
Cells were transfected as described above, except that 12-well plates were used and 2 ϫ 10 5 cells were plated per well. Each plate served as one time point and contained either WT or mutant receptors transfected into cells using 2 g plasmid DNA and 5 l lipofectamine in 0.5 ml OPTI-MEM per well. IN3 (1 g/ml) or vehicle was present for the same amount of time as described for the IP assay. Sixty-nine hours after transfection, a radioligand acid wash method (28, 30) was used to measure internalization of the mutant or WT hGnRHRs. This method has been used for GnRH (30) and other receptors and shown to distinguish internalized and noninternalized receptor. Briefly, the cells were washed twice with 0.5 ml DMEM containing 0.1% BSA. The cells were incubated with [
125 I]-buserelin (Ref. 28 ; specific activity, 700 Ci/mg; 2 ϫ 10 5 cpm/0.5 ml) as noted. At the indicated time, the iodinated ligand was removed, and the plate was placed on ice. Cells were washed twice with 0.5 ml ice-cold PBS, then 0.5 ml acid wash solution (50 mm acetic acid and 150 mm NaCl, pH 2.8) was added to each well and incubated for 12 min on ice. To determine the surface-bound iodinated ligand, the acid wash was collected and counted on a ␥ counter (Packard Instruments).
To determine the internalized radioligand-receptor complex, the cells were solubilized in 0.5 ml PBS containing 0.1% Triton X-100, collected, and counted. Nonspecific binding for all conditions was determined using the same procedure but in the presence of 10 m unlabeled GnRH. Nonspecific binding was subtracted from the surface-bound and internalized radioligand, and the amount of internalized radioligand was expressed as the percentage internalized of the total bound at each time point.
Statistical analysis
The data shown are the means Ϯ sem from triplicate incubations. In all experiments, the sd was typically less than 10% of the corresponding mean, except at basal levels for which the counts per minute were extremely low. Each experiment was repeated three or more times with similar results; the results of a single experiment are shown. Figure 1 shows a representation of the hGnRHR indicating five loci of mutation resulting in HH and examined in the present study. In addition, the representation shows the Lys 191 that is found in hGnRHR but is not found in preprimate species.
Results
Previously and in the present study (Fig. 2) , when the hGnRHR E 90 K mutant was expressed in COS-7 cells, it did not even show this modest level of binding and, in sharp contradiction to WT, showed no GnRH agonist-stimulated IP production (Fig. 3) . Addition of 1 g/ml IN3 at the time of transfection, however, resulted in binding and IP coupling (Figs. 2 and 3) , showing that the effect of the mutational error was functionally corrected. Note that IN3, an antagonist, is washed out for 18 h (even at the longest time present) before exposure to the GnRH agonist. Thus, it is not present at the time of the challenge.
A low-affinity congener of IN3 (IN4; IC 50 for the human receptor is 6450 nm, compared with 0.6 nm for IN3; Refs. 23-25) was unable to effect rescue at concentrations that were effective for IN3 (Table 1 ). This specificity suggests that in- teraction with the receptor is, as would be expected for a structure-stabilizing molecule, essential and, in concert with the time course, suggests that the action of IN3 is not on receptor (or general) protein synthesis.
Effector coupling was highest if IN3 was present continuously during the period of transfection and thereafter (Fig.  3, periods A-C) . More modest coupling of rescued mutant GnRHR (measured by IP production) was observed when IN3 was present only part of the time. Neither IN3 nor IN4 induced or inhibited measurable cell proliferation, assessed by cell counting.
To compare the rescued E 90 K receptors with the WT, we examined ligand specificity and affinity, receptor features associated with pharmacological disease management. Figures 4 and 5 indicate that ligand specificity and the ED 50 value for the GnRH agonist (4 nm) was indistinguishable from published values for the WT human receptor (29, 33) and both GnRH agonists and antagonists were recognized with fidelity and the characteristic varying potencies (29 -33) . A selection of irrelevant compounds (not normally bound by the WT receptor) evoked no IP response (Fig. 4) . Figure 2 (binding) and The indicated WT or mutant receptor was transfected into COS-7 cells as described in Materials and Methods. IN3 or its congener, IN4, was included at 0, 1, or 2.5 g/ml as indicated. IP production (shown in counts per minute) was determined by standard techniques as described in Materials and Methods. Cells were prepared and incubated in medium alone (M) or 1 g/ml buserelin (GnRH agonist, B). measurable levels before treatment, were fully rescued, assessed by the ability to respond to GnRH agonist with IP production or by radioligand binding. C 200 may form a stabilizing bridge to C 14 (36) . To address the degree of receptor distortion from which rescue could be effected, we also examined a palette of mutations in the rGnRHR at sites in which a cysteine normally appears (Table 2) , because this amino acid is associated with maintenance of tertiary receptor structure. When varied substitutions were made at the same locus (i.e. C 278 A, C 278 V, C 278 T, C 278 M), there were differences in the ability to effect rescue. The mutants resulting from the more bulky substituents could, apparently, not be formed into the conformation necessary for rescue. Consistent with this view, it was not surprising to see that the expression of such variants on the plasma membrane also appeared variable in the absence of IN3. Substitution of the bulky Trp at the amino acid 279 (adjacent to C 278 ) with Ala (W 279 A) also produced an inactive mutant that was rescued by IN3 (Table 2) .
Of additional interest are the double mutants, C 278 W/ 5 cells; 2 l lipofectamine) as described in Materials and Methods and treated with 1 g/ml IN3 for periods A-C. The ability of antagonists to inhibit IP production by 10 Ϫ8 M GnRH was assessed. SE values never exceeded 10% of the mean value, and the mean of triplicate determinations is shown.
W
279 C (exchange of WT sequence), C 278 V/W 279 V, and C 278 A/W 279 A. Although the first two were only modestly rescuable, the latter could be restored to full function. The difference, again, appeared to reflect the significant steric constraints associated with the larger amino acid residues, Val, Trp, and Cys. Ala, in contrast, allows for more freedom of rotation, owing to its smaller size and allowed IN3 to serve as a folding template, resulting in the highest level of IP production. Mutation at C 229 produced a defect from which rescue could not be effected, suggesting that this residue may have other roles in receptor interaction with other molecules.
We also examined the ability to rescue a shortened carboxyl-terminal truncation mutant [des( [325] [326] [327] )] that showed virtually no response to GnRH when expressed in cultured cells. Deletion of the last three amino acids resulted in loss of IP production in response to the agonist; much of this activity could be recovered by IN3. Removing a larger (12 amino acid) sequence from the carboxylterminal [des( 316 -327 )] produced a mutant that could not be rescued, although as many as four amino acids could be removed from the third intracellular loop [des( 237-241 )] and rescue still effected ( Table 2) .
The observation that the percentage of surface-bound receptor-ligand complex internalized by the rescued receptor (40% and 43% at 120 and 160 min, respectively), in response to the radioiodinated agonist buserelin, was comparable to WT (34% and 40% at 120 and 160 min, respectively) excluded the possibility that rescue resulted from stabilization of extant receptor. Likewise, IN3 rescued mutants that were not (previously) measurably expressed on the cell surface (and, therefore not available to be stabilized). Peptide antagonists (37) (38) (39) , which were designed by chemical analogy to agonists and are, therefore, expected to bind to the same site but unlike IN3 cannot permeate cells, were unable to rescue HH, deletion mutants, or Cys mutants (Table 3 ). The antagonists selected are weak (d-Phe 2 , d-Phe 6 -GnRH), intermediate ('Nal-Glu'), and high (cetrorelix) affinity binders (37) (38) (39) .
Once rescue by IN3 occurred, the drug was removed for 
Discussion
At the beginning of these studies we were influenced by our earlier observation (19) that HH mutants could be rescued by further modifications of the defective proteins, which were known to enhance membrane expression. The observation that these modifications could rescue a hGnRHR mutant (19) suggested to us that such mutants retained intrinsic hormone binding and effector coupling activity, yet, due to mutation, were misfolded and potentially not appropriately positioned at the plasma membrane. We reasoned that correction of such folding defects might restore activity and rescue the mutant. We sought to identify a pharmacological agent that could serve as a template for the nascent receptor and, thereby, effect rescue. We also had the prejudice that agonists would be poor candidates for rescue agents, because these would be expected to provoke desensitization or down-regulation. In addition, we wished to determine the range of receptor defects that could be rescued by this technique.
In this study, we did not assess the locus to which mutant receptors might be misrouted; indeed, it would not be surprising if different mutants (or manufactured defective receptors) might be routed to entirely different compartments. We specifically also note that misrouting may even include the positioning of a mutant receptor in the plasma membrane in a position that is unavailable to the ligand for binding or to the effector or G proteins. The indicated WT or mutant receptor was transfected into COS-7 cells as described in Materials and Methods. IN3 or its congener, IN4, was included at 0, 1, or 2.5 g/ml as indicated. IP production [shown in counts per minute (cpm)] was determined by standard techniques as described in Materials and Methods. Cells were prepared and incubated in medium alone (M) or 1 g/ml buserelin (GnRH agonist, B).
The surprising finding that all HH mutations attempted could be rescued, as assessed by radioligand binding or by the ability to activate IP production, despite widely disparate loci along the receptor, presented the possibility that HH receptor mutants may be frequently misrouted or mispositioned molecules, yet otherwise fully competent to bind ligand and couple to effectors. This was the suggestion of the prior study (19) and prompted us to perform the present work.
In addition to the HH mutant, we synthesized a series of other molecules that were terminally truncated, had internal deletions, or lacked the ability to form bridges believed to be significant in formation of tertiary structure. It was possible to rescue a number of such defective receptors shown in the unrescued state to be inactive.
In addition to genetic approaches (19, 40) , other methods, including increased expression (41) and the use of such nonspecific protein stabilizing agents as polyols and sugars (42) (43) (44) , have been used to produce larger numbers of receptors or to stabilize extant molecules rendered incompetent by genetic defects. The present approach does not require genetic manipulation and offers high specificity, because the ligand used is known to be a specific hGnRHR antagonist (23) (24) (25) . This approach is also expected to be useful in the laboratory to assess ligand binding and effector coupling of mutants previously not expressed at measurable levels or to increase levels of the WT receptor without exposure to (upregulating) hormone.
The expression level of human WT receptor itself could be enhanced by IN3, presenting potential therapeutic approaches for disease states in which the receptor is the proper (WT) gene product but is processed (destroyed, internalized) excessively.
Our data and that from another group (45) showing rescue of the V 2 vasopressin receptor suggests a general approach to diseases resulting from misfolded molecules. There is recent evidence that forms of cystic fibrosis, nephrogenic diabetes insipidus, hypercholesterolemia, and retinitis pigmentosa are included among such diseases (46, 47) . Accordingly, the approach described in the present study for HH GnRHR mutant rescue may prove generally applicable for the development of therapeutic approaches for incorrectly routed receptors.
Because rescue molecules need not a priori be either agonists or antagonists, it is likely that extant chemical archives already contain valuable therapeutic compounds that would have been overlooked by screens requiring such activities. It is our current view that agonists would be poor rescue molecules because once receptor rescue occurred, the development of the desensitized state would be promoted. One could, additionally, envision useful therapeutic molecules that would support scaffolding for the active configuration of the receptor without occupying the active site and, thus, would not need to be removed before agonist activation.
